The cyanelles of Cyanophora paradoxa Korsch. are photosynthetically active obligate endosymbionts in which phycobiliproteins serve as the major accessory pigments. Freeze-fracture electron micrographs of thylakoids in isolated cyanelies reveal long parallel rows of particles covering most of the E-face, while a more random particle arrangement is evident in some areas. The center-to-center spacing of particles within these rows is about 10 nanometers. Their mean diameter was measured at 9.4 nanometers. The particles on the P-face have a mean diameter of 7.2 nanometers. Thylakoids that retained nearly the full complement of phycobiliproteins (determined spectrophotometrically and by gel electrophoresis) were isolated from the cyanelies. In thin sections of these preparations, rows of disc-shaped phycobilisomes are evident on the surface of the thylakoids. The spacing of the rows of phycobilisomes corresponds to that of the rows of E-face particles (approximately 45 nanometers, center to center). The periodicity of the disc-shaped phycobilisomes within a row is 10 nanometers suggesting a one-to-one association between phycobilisomes and E-face particles.
disc-shaped phycobilisomes are evident on the surface of the thylakoids. The spacing of the rows of phycobilisomes corresponds to that of the rows of E-face particles (approximately 45 nanometers, center to center). The periodicity of the disc-shaped phycobilisomes within a row is 10 nanometers suggesting a one-to-one association between phycobilisomes and E-face particles.
In addition, visualization of the protoplasmic surface (PS) of isolated thylakoids by freeze-etch electron microscopy shows that rows of discshaped phycobilisomes are aligned directly above rows of particles exhibiting two subunits, presumably the P-surface projections of the 10-nanometer intramembrane particles. These observations, together with earlier studies indicating that the 10-nanometer E-face particles probably represent photosystem II (PSII) complexes, suggest that phycobilisomes are positioned on the thylakoid surface in direct contact with PSII centers within the thylakoid membrane.
The inner envelope membrane of the cyanelles, observed in freezefracture replicas, resembles cyanobacterial plasma membranes and is dissimilar to the chloroplast envelope membranes of red or green algae.
The envelope of isolated cyanelies exhibits two additional layers: (a) a 5-to 7-nanometer-thick layer that lies adjacent to the inner membrane and which seems to correspond to the peptidoglycan layer of cyanobacteria; and (b) a layer external to the purported peptidoglycan layer that exhibits fracture faces similar to those of the lipopolysaccharide layer of gram negative bacteria. Our findings indicate that the supramolecular architecture of cyanelles differs only slightly from free-living cyanobacteria to which they are presumably related.
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like endosymbionts, termed cyanelles, employ phycobiliproteins attached to the outer surface of their thylakoids as the major lightharvesting pigments for 02-evolving photosynthesis (3, 7, 10, 29, 35) . In the atypical case of Gloeobacter violaceus, the phycobilisomes are attached to the plasma membrane (15) . The cyanelles of Cyanophora paradoxa are generally regarded as cyanobacterial endosymbionts within a flagellated unicellular eukaryote (16, 30, 34) . According to the endosymbiotic theory of the origin of chloroplasts, associations such as that found in Cyanophora could have been an intermediate step in the evolution of red algal chloroplasts (24, 25, 32) .
This ultrastructural analysis of the cyanelles of C. paradoxa was undertaken with three general objectives: (a) to characterize the architecture of the limiting envelopes relative to their cyanobacterial counterparts; (b) to compare the freeze-fracture architecture of organelle thylakoids with those of cyanobacteria; and (c) to examine the relationship between the phycobilisomes on the thylakoid surface and particles within the thylakoid membranes. In the thylakoids of these cyanelles and several other endosymbionts, cyanobacteria and red algal chloroplasts, both the intramembrane particles on the exoplasmic fracture face (E-face) and the phycobilisomes are aligned in long parallel rows (4, 21, 22, 28) . Inasmuch as the majority of light energy absorbed by phycobiliproteins is transferred initially to PSII (17, 33, 37) , it has been proposed (but not directly demonstrated) that the aligned E-face particles are PSII complexes and are in direct contact with rows of phycobilisomes (31) . Independent lines of evidence suggesting that these 10-nm E-face particles are PSII centers are that: (a) they are absent from the thylakoids of cyanobacterial heterocysts (12) which lack PSII; and (b) they are more numerous in PSII-enriched mutants of Cyanidium (39) . Our findings support the hypothesis that such PSII complexes are directly associated with phycobilisomes on the thylakoid surface.
MATERIALS AND METHODS
Cyanophora paradoxa Korsch. (UTEX # LB555) was grown at 26°C in the 'CY-II' medium described by Trench et al. (34) , modified by the addition of 6 mm Na/KNO3 and substitution of bicine (N,N-bis [2-hydroxyethyl] [23]). Static A readings at 630 and 678 nm, corrected for light scattering by subtraction of the A at 750 nm, were used in the simultaneous equations of Arnon et al. (2) to calculate the ratio of phycocyanin to Chl a. Protein composition was analyzed by electrophoresis in 12.5% polyacrylamide slab gels, with 5% stacking gels, using the discontinuous buffer system of Laemmli (20) . Membrane preparations containing approximately 300 or 600 ,ug Chl a were solubilized in sample buffer (according to Laemmli [20] with DTT substituted for mercaptoethanol) and boiled for 4 min. Mol wt standards were obtained from Bio-Rad.
Electron Microscopy. Membrane fractions, isolated cyanelles, and whole cells were prepared for thin sectioning by fixation with 1% glutaraldehyde in buffer (0.05 M Na-phosphate, 0.3 M sucrose for phycobiliprotein-free thylakoids; PCS for all other samples), followed by 1% osmium tetroxide in 0.1 M Na-phosphate for 30 min at 4°C. Samples were stained en bloc with 2% uranyl acetate (aqueous), dehydrated with ethanol followed by propylene oxide, and embedded in Epon-Araldite resin. Thin sections were stained with 2% uranyl acetate in ethanol and lead citrate (aqueous). Cyanelles were prepared for freeze-fracture electron microscopy by slowly adding an equal volume of 70%o glycerol to a suspension of isolated cyanelles in 50 mm Na-phosphate buffer. In some Histograms representing the size distribution of particles on the two thylakoid fracture faces were prepared (Fig. 4) (Fig. 8) . A mean center-to-center spacing of the discs of e of buffer, and frozen 9.9 ± 0.5 nm was measured on our thin-section micrographs. d for freeze-etching by Previous studies employing negative stains to image-isolated phyls in the PCS isolation cobilisomes have shown that each disc contains six arms radiating ee times in 5 mm Na-from a central hub (6, 19, 27, 38) . This fan-shaped structure can in a small volume of sometimes be resolved in thin sections of the PBP+ cyanelle Lnd thin sections were thylakoids (Fig. 7a) .
00, or a Hitachi 600. FIGs. 7-10. Figure 7A , Isolated PBP+ thylakoids (T) are covered by disc-shaped assemblies of phycobiliproteins, termed phycobilisomes (PBS).
These appear hemispherical in cross-section (arrowhead) and rectangular in longitudinal section (small arrow; see also Figure 8 ). The fan-shaped substructure of the discs can be discerned in some cases (circle) (x 80,000). Figure 7B , The smooth PBP-thylakoids lack observable surface structure in thin sections (x 80,000). Figure 8 , Higher magnification view of thin-sectioned PBP' thylakoids. The periodicity of the closely packed, disc-shaped phycobilisomes (arrows) as seen in side views is 9.9 nm (X 125,000). Figure 9 , Freeze-etch micrograph of isolated PBP+ thylakoids. Rows of fan-shaped phycobilisomes are visible on the thylakoid surface. The approximate 10-nm periodicity along each row (arrows) arises from the lateral arms of adjacent phycobilisomes (X 135,000). Figure 10 , In this freeze-etch micrograph of isolated PBP+ thylakoids, rows of PBS are again present (arrowheads), but some of the PBS have fallen off revealing underlying linear arrays of low profile particles, each consisting of two subunits (arrows). The remaining PBS are positioned directly above these particle rows (double arrow) (X 225,000). Insert, Freeze-fracture micrograph showing rows of particles on the thylakoid E-face. The particles within the rows spaced 10 nm center to center are generally oblong and, like the particles on the etched surface, sometimes appear to be composed of two subunits (x 225,000). with, these particles is shown in Figure 10 where a single remaining PBS can be seen to be aligned with a particle row. The protoplasmic surface (PS) of thylakoids from which the phycobiliproteins have been washed off (PBP-) lack the large phycobilisomes (Fig. 11) . A distinct population of particles visible on the E-surface is similar in size (diameters, approximately 14 nm) and distribution to the CF1 component of coupling factor observed in higher plant thylakoid membranes (26) .
Envelope Membranes. The overall structure of the limiting envelope of the cyanelles closely resembles the cyanobacterial envelope or cell wall. An inner membrane and a peptidoglycan layer can be resolved in some thin-section images (Fig. 2) . Freezefracture electron micrographs of the inner envelope membrane (Figs. 12-14) suggest a structure similar to the cyanobacterial plasma membrane (8, 11, 13, 14) . Histograms showing the distribution of particle sizes (Fig. 15) reveal no significant differences from free-living cyanobacteria. However, the frequency of intramembrane particles, 2,0004,um2 on the E-face and 4,500/,Im2 on the P-face, is considerably higher. Cyanobacterial cells at the onset of cytokinesis also exhibit an increased density of particles in the plasma membrane relative to the rest of the cell cycle (1 1 thick layer which is observed in cross-section in both freezefracture ( Fig. 12 ) and thin-section (Fig. 2) electron micrographs. This layer is presumably composed of peptidoglycan (see "Discussion"). Both E-and P-face views of an outer envelope membrane exterior to the peptidoglycan layer were obtained. The E-face is composed of a densely packed fine particulate background with scattered larger particles (Fig. 13) . The appearance of the P-face depends upon the shadow angle. A smooth fracture face with relatively few particles (Fig. 14) is observed in areas with a high shadow angle. Where the shadow angle is lower, a rougher surface and more particles are seen. The exterior surface of the outer membrane (OEM-ES) of the isolated cyanelles was exposed by freeze-etching (Fig. 16 ). It is characterized by numerous scattered clusters of small particles. Although some of the surface features could represent cellular debris adhering to the cyanelles as a result of the isolation process, the invariant nature of such images argues against that possibility. Portions of the outer membrane are often raised off of the peptidoglycan layer forming blisters (Fig. 17) , which can be torn off during the isolation process leading to the exposure of the underlying smooth surface of the peptidoglycan (Fig. 18 ).
DISCUSSION
Analysis of thin sections and freeze-etch replicas of thylakoids isolated from the cyanelles of Cyanophora paradoxa and of freezefracture images of thylakoids in intact cyanelles has allowed a more-detailed description of the relationship between phycobilisomes on the thylakoid surface and putative PSII centers within the thylakoid membrane. The identification of large assemblies on the thylakoid surface as phycobilisomes was confirmed by absorbance spectroscopy and gel electrophoresis of the thylakoid preparations before and after removal of the phycobiliproteins. Like Neushul (28) and Lichtle and Thomas (22), we found that the spacing of rows of phycobilisomes corresponds to that of rows of E-face particles. In addition, we found that the periodicity of the aligned disc-shaped phycobilisomes was 9.9 ± 0.5 nm, essentially equal to the 10.3 ± 0.7 nm spacing of the particles aligned in rows on the E-face. The slight difference can be attributed to shrinkage resulting from the fixation, dehydration, and embedding required for thin sectioning. This suggests a one-to-one relationship between each phycobilisome and an E-face particle.
Our results obtained by freeze-etching preparations of isolated thylakoids demonstrate further that the rows of PBS are located directly above rows of particles projecting through the protoplasmic surface of the thylakoids, a spatial relationship that has been repeatedly postulated but never proven in the past. We suggest that these rows of PBS attachment sites correspond to the surface exposed portion of the rows of 10-nm EF particles, both of which show indications of a two subunit structure (Fig. 10 ). The histogram of particle sizes on the E-face of the cyanelles' thylakoids closely resembles corresponding histograms derived from cyanobacteria (12) , red algal chloroplasts (31) , and Cyanidium (39) , all of which show a large population of particles measuring about 10 nm in diameter. Together with the previous studies (12, 31, 39) that suggest that the 10-nm E-face particles represent PSII centers, our findings support the hypothesis that phycobilisomes on the thylakoid surface are in direct contact with PSII centers within the membrane.
A model depicting this interpretation is shown in Figure 19 . Each phycobilisome is shown associated with one 'PSII center' composed of two subunits. We tentatively propose that each dimeric particle may contain one PSII reaction center, based on the following: in Chlamydomonas, each of the about 16-nm particles accounts for one reaction center (40) . The thylakoids of Cyanidium, which are similar to those of Cyanophora in lacking the Chl a/b light-harvesting complex and employing phycobiliproteins instead, exhibit about 10-nm E-face particles which are believed to be analogous to the core of the 16-nm E-face particle (PSII) of Chlamydomonas (9, 40) and thus might also contain one The observation that the majority of light energy absorbed by phycobiiproteins is transferred initially to PSII (17, 33, 37) (36) . Lipopolysaccharide has also been detected biochemically (1) . Thus, the cyanelles appear to have retained the complete cell wall of a free-living cyanobacterial ancestor.
In conclusion, the ultrastructural observations reported to date support the notion that cyanelles resemble more symbiotic bacteria than integrated cellular organelles. However, until a determination has been made as to whether any of the cyanelle proteins are coded for by the host nucleus, it will be impossible to determine unambiguously whether cyanelles should be regarded as organelles or endosymbionts. Figure 16 , Freeze-etch micrograph of an isolated cyanelle. ing a blister (X 40,000). Figure 18 , In this cyanelle, much of the outer The inner envelope membrane has been fractured (IEM-PF), while the envelope membrane has peeled off during the isolation but patches of it exterior surface of the outer membrane (OEM-ES) of the isolated cyanelle remain (OEM-ES). The smooth areas exposed by etching probably rephas been exposed by the sublimation of the surrounding ice. Clusters of resent views of the surface of the peptidoglycan layer (PG) (X 55,000). [271) , with allophycocyanin at the base (6, 19, 38) , are aligned in rows in contact with the surface-exposed portion of the presumptive PSII centers. Each PSII center appears to be composed of two subunits. The CF, subunit of coupling factor is presumably also present on the surface mainly in areas not covered by phycobilisomes.
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